The stacking order in layered transition-metal dichalcogenides (TMDCs) induces variations in the electronic and interlayer couplings. Therefore, controlling the stacking orientations when synthesizing TMDCs is desirable but remains a significant challenge. Here, we developed and showed the growth kinetics of different shapes and stacking orders in as-grown multi-stacked MoS 2 crystals and revealed the stacking-order-induced interlayer separations, spin-orbit couplings (SOCs), and symmetry variations. Raman spectra in AA(A…)-stacked crystals demonstrated blueshifted out-of-plane (A 1g ) and in-plane (E 2g 1 ) phonon frequencies, representing a greater reduction of the van der Waals gap compared to conventional AB(A…)-stacking. Our observations, together with first-principles calculations, revealed distinct excitonic phenomena due to various stacking orientations. As a result, the photoluminescence emission was improved in the AA(A…)-stacking configuration. Additionally, calculations showed that the valence-band maxima (VBM) at the K point of the AA(A…)-stacking configuration was separated into multiple sub-bands, indicating the presence of stronger SOC. We demonstrated that AA(A…)-stacking emitted an intense second-harmonic signal (SHG) as a fingerprint of the more augmented non-centrosymmetric stacking and enabled SOC-induced splitting at the VBM. We further highlighted the superiority of four-wave mixing-correlated SHG microscopy to quickly resolve the symmetries and multi-domain crystalline phases of differently shaped crystals. Our study based on crystals with different shapes and multiple stacking configurations provides a new avenue for development of future optoelectronic devices.
INTRODUCTION
Two-dimensional (2D) transition-metal dichalcogenides, including molybdenum disulfide (MoS 2 ), have great potential applications in advanced electronic and optoelectronic devices. 1-10 Thus, such materials are being intensively studied with a focus on controllable synthesis with excellent optical and electrical performances. Monolayer MoS 2 has a direct band-gap structure, exhibiting many intriguing physical properties, such as strong photoluminescence (PL), electronic mobility, and valley and spin polarization. 1-3 Furthermore, the above optoelectronic properties can be controlled and advanced by adopting a proper design with multiple layered samples with an indirect band gap. In this sense, the successful design of a transition-metal dichalcogenide-based device lies in finding an optimal way to freely control the film thickness and stacking order from a single sheet to multiple layered sheets.
Recently, an atmospheric-pressure chemical vapor deposition (APCVD) system was developed, enabling multi-stacked MoS 2 crystals with all possible orientations between 0°and 60°to be obtained in a single set of experiments. 11 In this process, the temperature was identified as a key parameter affecting the growth kinetics of the CVDbased MoS 2 synthesis with a positive correlation between the growth rate and film thickness. [9] [10] [11] [12] [13] [14] To date, stacking of up to three layers of MoS 2 with various orientations has only been obtained by CVD at high temperatures (⩾850°C). [11] [12] [13] [14] In conventional CVD synthesis, high-order stacking is only possible at high temperatures. In contrast, in this research, our approach involves growing MoS 2 stacked crystals with high stacking orders (AAA and ABA) at the lowest possible temperature. One way to achieve a lower growth temperature is the addition of alkali halides to MoO 3. 15 This addition of NaCl results in the formation of low sublimating Mo-oxychlorides, which in turn are responsible for the growth of highly stacked MoS 2 crystals.
Stacking of MoS 2 crystals can be categorized in three groups: (a) repeated-layer piling with the same orientation, as in AA(A…); (b) repeated-layer piling with alternating orientations, as in AB(AB…); and (c) a mixed-layer piling with false order in the abovementioned stacking orders, such as AAB… or AABB… 11 Intensive scanning transmission electron microscopy analysis has proven the existence of an AA(A…)-type arrangement in 3R-phase crystals possessing broken inversion symmetry, whereas AB(A…)-type stacking can form a 2H-phase similar to that of natural crystals, where the net symmetry of the inversion depends whether there is an odd or even number of layers. [10] [11] [12] [13] 16, 17 Moreover, the remaining stacking order, such as A (BB…) or AA(BA...), with a false order of either AB(A...) or AA(A...) gives rise to a combination of 2H and 3R-phases. Note that these stacking orientations tune the electronic properties by engineering interlayer distances and structural symmetry. 3, 11, 13 In particular, the spin-orbit coupling (SOC) effect, valley polarization, and representative nonlinear optical properties, such as second-harmonic generation (SHG), are highly affected by the stacking configuration and subsequent structural symmetry. [3] [4] [5] 11, 16, 17 To the best of our knowledge, few studies of stacking-orientation-controlled samples of more than three layers and subsequent characterization with PL and Raman spectroscopy have been conducted. [10] [11] [12] [13] 18 Furthermore, studying the nonlinear optical properties, such as SHG or four-wave mixing (FWM), as a function of the layer number and stacking orientation of the multi-stacked crystals grown by CVD have scarcely been sought. [4] [5] [6] The minute variations of the band structures according to the geometry and order of stacking are sufficient to modulate the nonlinear optical susceptibility, and hence, versatile MoS 2 crystals synthesized by CVD play a crucial role in understanding fundamental optoelectronic properties.
In this report, we provide a synthetic modality of multi-stacked MoS 2 crystals with different orientations and characterize their optical properties. More than 18 definable layer thicknesses are successfully synthesized using monolayer and bilayer MoS 2 crystals as seeds layers. We further explore the PL, Raman, and absorption spectroscopies of various stacking-oriented samples and observe meaningful gradual spectroscopic evolutions induced by structural changes and interlayer interactions. The first-principles calculations are well consistent with the observed electronic band structures and reveal the excitonic emission. Additionally, the degree of the SOC effect in splitting the valence-band maxima at the K point is modulated by the stacking orientation. Additionally, the centers of symmetry, stacking orientations, and crystalline domains in a single specimen are more deeply assessed using FWM and SHG. The SHG signal of the AA(A…)-stacking crystal is drastically enhanced compared to the naturally occurring 2H-type AB(A…)-stacking and increases gradually with an increasing layer thickness. In contrast to AA(A…)-stacking, AB(A…)-stacking has the strongest SHG signal for a monolayer and then decreases gradually for an odd number of layers with no measurable signal for an even number of layers. Our approach of synthesizing high-quality multi-stacked MoS 2 crystals and the associated background understanding provides a valuable direction for the future design of optoelectronic devices using diversely stacked few-layer MoS 2 flakes.
MATERIALS AND METHODS

CVD synthesis of multi-stacked MoS 2
The MoS 2 -stacked crystals were grown by APCVD in a two-zone furnace with a 2-inch diameter horizontal quartz tube. For growth, a 15 mg mixture of molybdenum oxide (MoO 3 ) (⩾99.5%, Sigma-Aldrich, St Louis, MO, USA) and NaCl (⩾99.99%, Sigma-Aldrich) was loaded into a crucible located at the center of a high-temperature furnace. Sulfur (S) (0.8 g, ⩾ 99.5%, Sigma-Aldrich, St Louis, MO, USA) powder was placed in the upstream region 15 cm away from the center of the MoO 3 zone. Before CVD growth, a 300-nm-thick SiO 2 / Si substrate was cleaned first in water followed by acetone and finally in isopropyl alcohol and then dried using N 2 . The Si/SiO 2 wafer was placed on the top of the boat, facing the polished side downwards. The temperatures of the MoO 3 and S zones were kept at 850 and 200°C, respectively. Ar/H 2 gas (50/7.5 sccm) was introduced as a carrier gas and to create a reducing atmosphere to promote the reaction. The S zone was preheated and moved when the MoO 3 zone reached 250°C. The furnace was heated with a ramp rate of 35°C per min to the growth temperature and held there for 30 min. After the growth, the furnace was cooled naturally to room temperature.
Raman and PL characterization
The CVD-grown sample was characterized using PL and Raman spectroscopies (Horiba Jovin Yvon, LabRAM Aramis) atomic force microscopy (AFM) imaging (Park system, NX-10). The diameter of the illumination volume at the focus of the PL and Raman measurements was approximately 350 nm. Scattered light was collected through the objective used for illumination and guided to a 50-cm-long monochromator (equipped with a cooled CCD) through free space. Diffraction gratings with 600 and 1800 grooves mm − 1 were used to collect the PL and Raman spectra, respectively. The 532-nm lines of a solid-state laser were used at intensities of less than 300 μW in a commercial confocal microscope system equipped with a 0.9-NA objective lens. With this power level of laser illumination, no physical damage or oxidation was expected to occur in the MoS 2 film.
Computational details
The simulations were performed using density functional theory with the projector-augmented-wave method, 19, 20 as implemented in the Vienna ab initio simulation package code. 21 The Perdew-Burke-Ernzerhof 22 generalizedgradient-approximation exchange-correlation functional was used, and an energy cutoff of 500 eV was used for the plane-wave expansion. In this calculation, an integration over the Brillouin zone was carried out using a 24 × 24 × 1 Monkhorst-Pack k-point mesh for all considered systems and a vacuum region accounting for more than 20 Å. All geometries were optimized using the conjugate-gradient method (force less than 0.0001 eV Å − 1 ) with a van der Waals (vdW) correction (optB88-vdW functional) 23, 24 on the interlayer distances. To obtain a more accurate electronic band structure over the conventional generalized-gradient-approximation functional, here, we used the computationally expensive Heyd-Scuseria-Ernzerhof (HSE06) 25 hybrid functional with SOC.
Nonlinear optical characterization
A dual-mode erbium-doped fiber laser (Insight Deepsee Dual, Spectra-Physics, Santa Clara, CA, USA) was combined with a confocal microscope (Olympus, IX 83, Tokyo, Japan) to create multimodal (SHG and FWM) nonlinear optical images of the CVD-grown MoS 2 flakes. The dual-mode laser housing emits a fundamental ultrafast (80-MHz) pulse train (1040 nm, FWHM~220 fs), which synchronously pumps inside optical-parametric oscillators to generate a wavelength-variable (from 680 to 1300 nm) pulse train (FWHM 120 fs). The beam intensity was adjusted using a spiral-type neutral-density filter (Thorlabs, NDC-100C-4M, Newton, MA, USA). The time gap between two pulses was synchronized using a commercial translational stage (Sigma-Koki, SGSP46-500, Tokyo, Japan). Two spatially overlapped beams were directed using a dichroic mirror (Thorlabs, DMSP1000R, Newton, MA, USA) to the galvanometric x-y directional mirror controlled by a scanning system (Olympus, Fluoview 1000, Tokyo, Japan) to achieve real-time image acquisition. They were also monitored by a CCD camera (PIXIS 100B, Princeton Instruments, Trenton, NJ, USA) assisted by a monochromator (Acton SP2300, Princeton Instruments, Trenton, NJ, USA) for wide-wavelength spectroscopy (500~700 nm).
The details of the nonlinear optical microscopy setup have been reported previously 26, 27 . Briefly, we employed a fiber-optically amplified femtosecond laser (Insight Deepsee Dual, Spectra-Physics, Santa Clara, CA, USA) as an illumination source for the SHG and FWM imaging after being assembled on an inverted type microscope (Olympus, IX 83, Tokyo, Japan). We used ã 1 mW 800 nm beam (~120 fs) and a 1 mW 1040 nm beam (~220 fs) to generate the SHG at 520 nm and FWM at 650 nm, respectively. The beams were focused with a 1.35 NA UPlanFLN objective lens, and the produced SHG/ FWM signals were collected by a photomultiplier tube (3523, Hamamatsu, Shizuoka, Japan) in reflection mode using two commercial filters (FF520/15, FF650/40, Semrock, Rochester, USA). The typical spatial resolution of the SHG microscope was~300 nm. Figure 1a describes the synthesis strategy based on the layer-by-layer growth of multi-stacked MoS 2 crystals by the APCVD technique. Briefly, the APCVD system consists of two zones for sulfur (S) and MoO 3 +NaCl powders, respectively. The boat contains a 15-mg mixture of MoO 3 and NaCl loaded in the center of a 2-inchdiameter horizontal quartz tube. The growth substrate (300-nm SiO 2 /Si) is placed ∼ 10 mm above the precursor (MoO 3 +NaCl) with the polished face upside down (Figure 1a ). Another boat containing S powder (0.8 g) is positioned in the upstream region 15 cm away from the precursor. The experimental section provides more details concerning the synthesis process. Note that the deposition range of the MoS 2 crystals on the growth substrate is sectioned into four parts from the center to the edge (Supplementary Figure S1) .
RESULTS AND DISCUSSION
Synthesis of multi-stacked MoS 2 crystals
Generally, highly stacked crystal growth without using NaCl is possible only at temperatures ⩾ 900°C. With the aim of accelerating the reaction kinetics, we introduced NaCl as a growth promoter for the synthesis of multi-stacked MoS 2 crystals. Mo-oxychlorides have a low sublimation temperature, owing to the fusion of NaCl and MoO 3 , followed by rapid vaporization, making it difficult to regulate the rate of the supply sources. This variable rate of evaporation leads to a very high precursor availability in the reaction zone, resulting in the formation of highly stacked MoS 2 crystals with different stacking orientations. The uneven distribution of precursors from the center to the edge of the reaction zone helps in the formation of differently ordered highly stacked MoS 2 crystals over the growth substrate (Supplementary Figure S1) . Unlike the conventional MoO 3 precursor with a high sublimation temperature of~700°C, herein, the primary growth precursors are MoO 2 Cl 2 and MoOCl 4 with sublimation temperatures of~100 and~156°C, respectively. The following 4 are both volatile. These Nacontaining intermediates, which are similar to PTAS (perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt) and PTCDA (perylene-3,4,9,10-tetracarboxylic dianhydride) seeds, provide nucleation sites on the substrate and then are sulfurized into the oxi-chalcogenide particles. In other words, these Na-intermediate compounds help reduce the energy of the reaction (energy required for the reactants to form the final product) required to form the final product (MoS 2 ) by lowering the overall growth temperature. In the following step, the particles are converted into highly stacked MoS 2 crystals with different stacking orientations by exposure to continuous sulfur vapor. At the same time, the addition of Na atoms enlarges the space between the sheets and enhances the separation process, resulting in a solid-vapor reaction. The amount of NaCl has a variable influence on nucleation and growth under given conditions. With an increase of the NaCl amount, multi-stacked crystal growth dominates instead of monolayer MoS 2 domain growth, which is an indication of the rapid growth rate. Furthermore, the effect of NaCl becomes more prominent as the temperature increases, because the rate of the chemical reaction is directly proportional to the temperature. Compared to the reaction temperature used for the synthesis of highly stacked MoS 2 crystals using the conventional method (⩾950°C), the temperature applied in this work is dramatically reduced by the addition of the NaCl growth promoter (850°C). In conclusion, by controlling the amounts of Mo precursor and NaCl at a particular temperature, the stacking order can be controlled. An XPS study was carried out for these stacked crystals, and it revealed no characteristic peaks for Na1s and Cl2p, suggesting that the stacked MoS 2 crystals are free from contamination by alkali metals and halogen atoms 17 ( Supplementary Figures S4c and d) . In addition, energy-dispersive spectroscopy analysis also shows the absence of any trace Na and Cl in the as-grown MoS 2 crystals (Supplementary Table S1 ). The Mo metal in MoS 2 has no available d-electrons to fill the d Z 2 level, resulting in an exclusive octahedral Mo geometry to offer a more stable structure. The AB(A…)-stacking sequence has hexagonal close packing with a coordination number of 12 and packing efficiency of 74%, whereas AA(A…) stacking results in simple cubic packing with a coordination number of 6 and packing efficiency of 52%. Higher coordination numbers and packing efficiencies make AB(A…) stacking energetically more stable and preferred over AA(A…). Schematic representations of the 2H, 3R and mixed-type stacking orders for 2L and 3L are shown in Supplementary Figure S3 .
The AB(A…)-stacked MoS 2 crystals with the lowest formation energy are dominant among those grown by APCVD, indicating that our growth conditions favor this stacking over other high-energy stacking sequences (false stacking) because of the higher-energy barriers required by those configurations. 11 Figure 1b shows the MoS 2 -monolayer seeded stacking crystals only up to 4L, as the precursor concentration gradient is the lowest in this area. Interestingly, in some isolated part of the substrate, star-shaped stacking was also observed, as shown in Supplementary Figure S2a . Upon moving toward the center, the precursor concentration gradient increases the chance of forming isolated MoS 2 -bilayer seeded multi-stacked crystals (multi-stacked crystals grown on an individual bilayer MoS 2 unit) with stacking orders up to 7L (Figure 1c) . Furthermore, when the precursor concentration gradient peaks near the summit point, multi-stacked MoS 2 crystals with the highest stacking order are observed. Figure 1d illustrates the OM and AFM images of 10L and 18L multi-stacked MoS 2 crystals with different orientations, together with the corresponding AFM height profiles.
In addition to the triangular shape, other shapes were also formed during the growth of the multi-stacked MoS 2 crystals. By varying the Mo:S ratio, the shapes of the MoS 2 crystals evolve from a triangle to a truncated triangle and finally become hexagonal 29, 30 , as shown in Figure 1e . The shape transformation process along the direction perpendicular to the carrier-gas flow stipulates that the Mo:S ratio change is the primary reason for the shape transformation. All conditions, including the growth temperature and S concentration, are constant in this direction, except for the different masses of Mo. Thus, the Mo:S ratio plays an important role and could be a determining parameter.
The confined Mo:S atomic ratio controls the final shape of the MoS 2 crystals, as explained by the Wulff construction principle, 29, 30 which states that specific crystal shapes are preferred over others depending on their surface energies. In other words, the surface energy and its dependence on the crystallographic orientation can define the equilibrium shape of a crystal. When the Mo:S atomic ratio matches the stoichiometric ratio of MoS 2 (1:2) (here 0.51), Mo and S terminations follow the same growth rates. Thus, the dominant shape of the MoS 2 crystals is hexagonal (Growth I). However, with Mo: S ⩾ 1:2, a Mo-rich atmosphere results. Once the S-terminated edges grow rapidly and finally disappear, the entire crystal will possess Moterminated edges with a triangular shape (Growth II) (here; 0.45). However, when the Mo:S atomic ratio is between growths I and II (here; 0.48), the MoS 2 crystal will transform into a truncated triangle. 28, 31 Additional evidence supporting the above information is given by energy-dispersive spectroscopy analysis (Supplementary  Table) . Based on the APCVD system, multi-stacked MoS 2 crystals can be formed not only in the shape of triangles but also in the shapes of truncated triangles and hexagons, as shown in Supplementary Figures 2b and c. We further describe the transformation of the MoS 2 crystals from a monolayer to complete bilayer in Supplementary Figure S2d . This bilayer forms when the top layer entirely extends to the edges of the bottom layer. A low Mo-concentration gradient at the monolayer site causes a low stacking order (3-4L), whereas a very high Moconcentration gradient near the center results in bilayer seeded highly stacked MoS 2 crystals (⩾18 L).
In the APCVD system, a MoS 2 -stacking order change is possible along the X-(carrier-gas flow) and Y-axes (perpendicular to the gas flow) because of the change in the Mo-concentration gradient along both the axes. The precursor concentration gradient decreases toward the edge of the deposited substrate as the deposition site becomes farther from the precursor, resulting in a reduced stacking order. The thickness of the obtained crystals can be tuned from 1L to ⩾ 18L by controlling the amount of precursor and growth temperature. Moreover, the temperature for introducing sulfur is also a critical parameter for the well-defined layer-by-layer stacking of MoS 2 with an ideal size and shape. The introduction of sulfur into the Mo precursor zone is a determining factor for the size of the MoS 2 crystals. By controlling it, MoS 2 crystals with sizes 4100 μm can also be fabricated using APCVD growth. Here, the introduction of sulfur before the precursor zone reaches 150°C results in the formation of bulk MoS 2 that does not sublime under the given conditions but leads to no crystal growth on the substrate. In contrast, early introduction of sulfur leads to smaller crystals, and delayed introduction forms large-area bilayer seeded multi-stacked MoS 2 crystals. In conclusion, this growth method of stacked MoS 2 crystals with controlled orientation is scalable to large-size crystals. The growth temperature also governs the stacking order and pattern. Below 850°C, the stacking order decreases with a high probability of monolayer-based stacked crystals covering isolated monolayer crystals in some areas. When the growth temperature increases above 850°C, the stacking order increases, forming bilayer seeded crystals with some layers reaching up to~15-20L with the formation of completely grown 3L or 4L AA(A…)-and AB(A…)-stacked MoS 2 crystals. 30 Furthermore, this growth is governed by a terrace-growth mechanism, wherein the triangles stack up layer by layer and shrink gradually to the center. During this growth process, the upper layers are formed later and have a shorter time to grow. Therefore, the lateral layer size decreases with an increasing height, and monolayer-by-monolayer-stacked MoS 2 crystals are finally formed. [29] [30] [31] [32] [33] [34] Stacking-oriented phonon frequencies in the Raman spectra We critically examined the high-energy phonons in the Raman spectra of multi-stacked MoS 2 crystals and exploited the stacking-induced structural changes and interlayer vdW interactions. As illustrated in Figure 2a , a MoS 2 crystal consists of two well-defined, strong Raman bands attributed to lattice vibrations in two specific directions, which are denoted as in-plane (E 2g 1 ) and out-of-plane (A 1g ) vibrations. 1,2,7-13,35-39 Since the peak positions and frequency differences between E 2g 1 and A 1g are known to reflect the spectroscopic figures induced by the shape and thickness variations of multi-stacked MoS 2 crystals, we first compared the Raman spectra of the monolayer and bilayer hexagonal (dotted line) and triangular (solid line) crystals, as shown in Figure 2a . Both the hexagons and triangles exhibited welldefined A 1g and E 2g 1 Raman modes. The peak positions of the A 1g modes of both the monolayer crystals coincide, whereas the corresponding E 2g 1 mode of the hexagons was noticeably softened compared to that of the triangles. However, in the hexagonal bilayers, both the E 2g 1 and A 1g modes softened by approximately 1.5 cm − 1 compared to that of the triangular bilayers. Dislocation cores, vacancies or lattice mismatches are known to be highly capable of forming during crystal growth, resulting in subtle differences in the phonon frequencies of the Raman spectra. A recently reported result suggests that the presence of either an S or W vacancy is more likely to lower the Raman frequency in a hexagonal WS 2 single crystal. 36 In this manner, the relatively softened E 2g 1 vibrations in both hexagonal mono-and bilayer MoS 2 likely result from an effect of vacancy induced defect states. We also studied the Raman spectral changes of triangular MoS 2 crystals with regards to various stacking orientations and thicknesses ranging from 1L to 6L. Raman spectra with distinct shifts in the A 1g and E 2g 1 modes are demonstrated in Figure 2a . The layer-thickness-/ orientation-dependent variations of the E 2g 1 and A 1g vibrational modes are summarized in Figure 2b . Blue and red dashed lines indicated the trends of the Raman frequencies for the AB(A…)-and AA(A…)-stacking configurations, respectively. Here, the Raman peak positions of the mixed orientations are located in between the AA (A…)-and AB(A…)-stacking configurations, as indicated by the isolated balls (E 2g 1 ) or circles (A 1g ) in Figure 2b . The thickness-dependent shifting of the Raman spectra for the AB (A…) vdW-layer system manifests the similarity of the developed interlayer coupling behavior of the exfoliated natural crystals. 1,2,35 As we observed, the A 1g mode blueshifted (stiffened)
1 Raman modes of the AA(A…)-stacked samples with more than two layers are stiffened compared to those of the AB(A…)-stacked crystals. We note that the peak frequency differences between the two modes for AA(A…)-type and AB(A…)-type stacking are similar, suggesting nearly equal shifting of the E 2g 1 and A 1g frequency modes, as marked as red and blue dashed lines, respectively (Figure 2b) . The shifting tendency of the phonon frequencies depending on the stacking orientations is consistent with the previously calculated result at the gamma point. 11 More details concerning the stacking-order dependence of the Raman peak positions for each MoS 2 crystal (2L-5L) can be found in Supplementary Figure S5 . This interesting result reveals that a reduction in the interlayer distances occurs in the AA(A…)-stacked crystals compared to the AB(A…)-stacked crystals, which is similar to a previously reported result. 11 An experimental study carried out by Yan et al. 11 demonstrated that the E 2g 1 mode for the AAA-trilayer was barely blueshifted, while the frequency of the A 1g mode was stiffened with respect to the ABA-trilayer. The E 2g 1 mode preservation against layer stacking in the AAA-type crystal, as reported in Yan et al. 11 might be related to the structural diversity induced by the fabrication method, as Raman spectroscopy of the CVD crystal is highly sensitive to the growth conditions and quality of the sample. We believe that our observation of considerable phonon stiffening for both the E 2g 1 and A 1g modes in the AA(A…)-stacked crystals becomes visible due to the negligible contributions of CVD-induced structural defects.
Stacking-oriented excitonic behavior in the PL spectra To understand the excitonic behavior of the various stacking-oriented layers with different geometries, we compared the PL emission spectra of the hexagonal and triangular MoS 2 crystals, as shown in Figure 3a . The PL mapping images show that the hexagonal crystals has nonuniform and edge-prevailing PL, while the triangular crystal has uniform PL from the center-to-edge regions. A lower PL intensity in the inner region of the hexagonal sample is mainly ascribed to the influence of defect states localized in the inner region. As illustrated by a recent study regarding a hexagonal WS 2 monolayer, defect states can be a key factor in reducing the PL emission in a localized fashion. 36 Moreover, the tailored PL intensity is also related to the band structure change via an extra-strain effect induced by merged defects. 37 The broadened and redshifted PL spectrum of the hexagonal monolayer compared to that of the triangular monolayer indicates the possible involvement of defect-assisted quenching in the PL emission. 36 In fact, the activity of those defect states can be diminished using a nonoxidizing organic superacid, such as bis(trifluoromethane)sulfonimide, providing a drastic enhancement of the PL emission. 40, 41 Thus, to reaffirm that the decreased PL intensity in our hexagonal crystal originates from defects, we dipped the samples in a bis(trifluoromethane)sulfonimide solution for 1 h and found that the PL emissions drastically recovered in both the triangles and hexagons. The degree of enhancement was more severe in the hexagon than the triangle, implying that more defect states initially existed in the hexagonal MoS 2 crystals. The corresponding results are provided in Supplementary  Figure S6 .
We further characterized the PL emission spectra from 1L to 6 L for various stacking configurations (Figure 3a, bottom panel) . The monolayer exhibited the strongest PL intensity as a result of the vertical quantum-confinement effect induced by the indirect-to-direct band-gap crossover in a single-layer limit. 1-3 For the multilayer systems, each thick crystal also exhibited stacking-orientationdependent PL behaviors. The maximum PL intensity was observed for the AA(A…)-type stacking, followed by the mixed-type stacking, and the minimum PL was observed in the AB(A…)-type stacked crystals. Simultaneously taking PL images of 2L-AA and 2L-AB shown in the top panel of Figure 3a clearly exhibited the improved PL emission from the AA-stacked crystal. The variations of the peak positions and integrated PL intensities as a function of the layer number are displayed in Figure 3b . The related PL intensities gradually decreased from 1L to 6 L. The excitonic position, that is, the direct optical band gap, was unchanged among the stacking orientations but monotonically decreased from 1L to 3 L in a manner similar to those observed in previous studies. 1,2,10-13 Interestingly, for the AA(A…)-stacking configuration for greater than 4L, the optical band gap was slightly increased (by~5-10 meV) compared to those of the other stacking orders. Detailed comparisons between the band gaps and integrated PL intensities from the 2L to 5 L crystals are summarized with regards to the different stacking orders in Supplementary Figure S7 . Furthermore, we studied the PL and peak positional change of the indirect bands in the AA (3R)-and AB (2H)-stacked bilayer crystals. The indirect band gaps in both cases were very similar, except for being slightly broadened for the AA bilayer (Supplementary Figure S8) . The observed PL spectra for the indirect band gaps of the CVD-grown AA and AB bilayers indicate the interlayer electronic coupling strength, while the slightly broadened bandwidth of AA suggests stronger interlayer coupling. 12, 42 Next, the valence-band splitting (VBS) of the MoS 2 crystals was studied as a function of the layer-number thickness and stacking-order configuration. Essentially, the amount of VBS was measured as the distance between the A-and B-peak energies observed in the PL or absorption spectra. Figure 3c shows the VBS tendencies from the 1L to 6 L crystals for different orientations measured from the PL spectra. The gradual increase in the VBS with an increasing layer thickness is in good agreement with previous results. 1,2 First, for 1L MoS 2 , SOC contributes to the VBS because the 1L crystal lattice has broken inversion symmetry. On the other hand, there is an even-odd variation in the structural symmetry of the AB(A…)-stacked multilayer: broken inversion symmetry is present (absent) in films with an odd (even) number of layers. Therefore, the major contribution to VBS is SOC for an odd number of layers, while for an even number of layer, the dominant effect is interlayer interactions. [1] [2] [3] 16, 17 However, the structural symmetry in the AA(A…)-stacked multilayers is independent of the even-odd oscillation with the number of layers: all the layers should have broken inversion symmetry, [10] [11] [12] [13] and thus, the observed VBS is mainly contributed by SOC. As shown in Figure 3c , the VBS phenomena exhibited a stacking-orientation dependence, with the AB(A…)-stacked crystal showing larger VBS than the AA(A…)-stacked crystal. This unique result under AA(A...)-stacking is observed as a result of the stacking-order-dependent shifting of the A and B excitonic PL peak positions. The A-peak position did not vary much until 4L and then slightly increased for AA (A...)-stacking. Meanwhile, the B peak gradually redshifted for AA (A...)-stacking, leading to reduced VBS as the layer thickness increased. The stacking-orientation-dependent A-and B-peak positions and their differences for 2L-5L are provided in Supplementary  Figure S7 . Further discussion on the nature of the splitting will be provided later in combination with the density functional theory calculation results.
A similar VBS trend was also observed in the differential-reflectance spectra (Figure 3d ). We performed differential-reflectance measurements for the 1L, 2L-AA, 2L-AB, 3L-ABA and 3L-AAA stacking crystals after loading these crystals onto a transparent glass substrate. Reflection spectra of thin films measured from a transparent medium can be well interpreted as absorption spectra. 1,2 The energy gaps observed in the PL spectra are highly sensitive to small changes associated with the doping level or defect states in the absorption bands and can capture the sources of inaccuracies in band-gap estimations. 1,2,41 In addition, absorption spectra allow the evolution of the electronic band structures in a broad energy range, including high-energy excitons. As illustrated, the absorption bands for the 1L, 2L-AA, 2L-AB, 3L-ABA and 3L-AAA stacking crystals clearly show A, B and C excitons (Figure 3d ). The A and B peaks are lower-energy excitons created by the splitting of the topmost valence bands. On the other hand, the C peak located at the high-energy state is induced by the electronic transition from band nesting. 8 The overall features of the absorption spectra taken from the 1L, AB bilayer and ABA-trilayer samples replicate the results observed in the literature. 1,2,8 However, for the 2L-AA and 3L-AAA stacking orders, different VBS natures and peak positions of the related excitons emerge. The relatively smaller VBS of the AA(A…)-stacking than that of the AB(A…)-stacking observed in the PL study is also consistently observed in the absorption study. Notably, the optical band gap represented by the A-peak position remains unchanged for both the AA(A…) and AB (A…)-stackings, clearly complying with the weak direct band-gap changes originating from the stacking orientations, as suggested by the PL studies. 3, 11, 12, 42 In contrast, the B-peak positions of the AA and AAA stackings have softened by approximately 20 meV, and thus, the VBS values in the AA(A…)-stacked bi-and trilayers are reduced compared to those in the AB(A…) bi-and trilayers. In addition, as shown in Figure 3d , the C peak barely changes with the stacking orientation. The gap of the AA(A…)-stacked bi-or trilayers is approximately 5~10 meV wider than that of the corresponding AB (A…)-stacked bi-or trilayers. We believe that this tendency of VBS and electronic band structure will be maintained in thicker AA(A…)-and AB(A…)-stacked crystals as well.
Stacking-oriented excitonic effects and valence-band splitting revealed by theoretical calculations To understand the dependence of the electronic structure on the stacking orientation, we performed density functional theory calculations of the 3L and 4 L crystals with AA(A…)-and AB(A…)-stacking (Figure 3e ). We used both the HSE06 and Perdew-Burke-Ernzerhof functionals including SOC and investigated the electronic band structures. Details of the theoretical results are provided in the Supplementary Information (Supplementary Figures S9-S11 ). As indicated in Figure 3e , the valence-and conduction-band edges of the 4L-AAAA-stacking crystal are relatively higher than those in the 4L-ABAB crystal and shifted by the same amount (~250 meV). Hence, any change in the net direct band gap value is compensated. Consequently, the band gaps remained constant in both cases. This up-shifting of the corresponding valence and conduction bands is also applicable for the 3L-AAA crystal, as shown in Supplementary  Information (Supplementary Figures S9 and S11) . Therefore, we concluded that the direct band gap is independent of the stacking orientation. However, the indirect band gap seems to change slightly between the AA(A…)-and AB(A…)-stacking orientations. For AB (A…)-stacking, MoS 2 possesses an indirect band gap via ⋀-Γ, as indicated by the calculation result. This situation is modified for AA (A…)-stacking, where the conduction-band valley at the K point is aligned with a lower energy than the ⋀-valley by approximately 20 meV. We conjectured that C-exciton-gap widening, as observed in the absorption spectra of the AA bilayer, may also result from the relative motion between the conduction-band valleys at the K and ⋀ points. This modification between the conduction-band valleys likely causes the broadening of the indirect band gap, which can be realized with interlayer electronic coupling. 3, 12, 42 Additionally, the different alignments between the two conduction bands at the K and ⋀ points also affect the relaxation process at the K point, leading to an improved direct PL emission for AA(A...)-stacking compared to AB (A...)-stacking.
Furthermore, the theoretical results based on the HSE and PerdewBurke-Ernzerhof approximations agree well with the observed VBS observations. The splitting nature at the K point is magnified for the 4L-ABAB and 4L-AAAA crystals and is presented in Figure 3e , while related results for 3L are presented in the Supplementary Information (Supplementary Figures S9-S11 ). As expected, for AB(A...)-stacking, the splitting was mainly due to interlayer interactions for an even number of layers, while additional SOC modulated the splitting nature for an odd number of layers. 15, 16 On the other hand, for AA(A...)-stacking, the valence-band states at the K point split into many subbands irrespective of the number of layers. The separation between any two sub-bands is uniform and theoretically estimated as 20 meV for AA(A...)-stacking, as this stacking remains in the 3R-phase, which does not have a symmetry-inversion center. As a result, SOC becomes dominant. As demonstrated, the splitting is more clearly resolved in the AA(A...)-stacked crystals than in the AB(A...)-stacked odd layers; however, the inversion symmetry is also broken for the latter. Here, more clearly resolved energy states at the K point of the valence-band maxima for all thicknesses of AA(A...)-stacked layers can be understood as strongly spin-polarized states. 11, 43 Experimentally, we cannot resolve each of the spin-polarized states in the PL or absorption spectra, and instead, their average effect must be determined. As previously explained, from the PL and absorption spectra, we observed a smaller gap between two separated VBSs at a K point for AA(A...)-stacking than for AB(A...)-stacking. This result is caused by the vertical dispersion of the topmost valence bands representing the A and B transitions due to strongly polarized spin states. In addition, we note that vertical dispersion of the sub-energy states in the AA(A...)-stacking due to SOC also slightly influences the direct band gap position. The very small band-gap increment (~5-10 meV) beyond 4L for AA(A...)-stacking compared to AB (A...)-stacking reveals the effect of the spin-polarization-induced vertical dispersion of the valence-band edges. It is not surprising that dispersion is more effective for relatively thicker layers because a larger number of sub-bands are induced as a result of splitting. Moreover, we emphasize that our valence-band splitting result is obtained due to the completely polarized spin states in the AA(A...)-stacking, which is similar to the previously measured valley and spin polarizations of 3R-phase MoS 2 . 3, 11, 43 Additionally, 3R-like MoS 2 crystals, similar to AA (A...)-stacking, were also accompanied by a suppressed interlayer hopping effect. 11 All these results indicate that the AA(A...)-stacked crystals of all layer thicknesses exhibited strongly spin-polarized valence-band states.
Stacking-oriented FWM and SHG microscopy
The structures and orientations of the monolayer to few-layer crystals with different stacking configurations were fully examined through FWM-correlated SHG microscopy. A schematic diagram illustrating the interaction of the pump-probe beam used to emit the nonlinear optical SHG and FWM signals is shown in Figure 4a . The spectral evolutions of SHG (520 nm) and FWM (652 nm) by two excitation beams (800 and 1040 nm) are given in Figure 4b , where the power dependences of both signals in the inset graphs also suggest that SHG and FWM are second-and third-order nonlinear signals, respectively. Pump and Stokes beams of approximately 1 and 8 mW, respectively, were utilized at the sample for all the SHG/FWM imaging in this work. In principle, the SHG from MoS 2 is intense, as the crystalline structure of MoS 2 belongs to the non-centrosymmetric point group D 3h . [3] [4] [5] If the input laser and output SHG signal have the same polarization parallel to the monolayer surface, the SHG output is proportional to |χ bbb (2) | 2 cos 2 3ϕ, where χ bbb (2) is the nonlinearsusceptibility element of MoS 2 , 'b' represents the crystalline axis along the mirror plane, and ϕ is the angle of the beam polarization away from the b-axis.
We first studied the rotational behaviors of the 1L, 2L-AA and 2L-AB crystals, as shown in the polar plot (Figure 4c ). The rotational behaviors of 1L and 2L-AA were studied from each thickness layer located in the same sample, and the 2L-AB sample was studied in another sample with a different crystal orientation. The incident lasers were linearly polarized and used to excite the samples with the analyzer angle set parallel to the incident beams. All the panoramic SHG images taken with regards to different angles are also provided in Supplementary Figure S12 . The six-fold symmetry of the SHG signal with respect to sample rotation was well observed from the respective layers with petals lying along the perpendicular bisectors of each flake, analogous to previously results reported for the 2H crystal. 3, 4 We note that the 1L, 2L-AA and 3L-AAA crystals demonstrated increased SH intensity with an increasing thickness due to the cumulative nature of the broken inversion symmetry, whereas the 2L-AB crystal showed feeble SH intensity due to the restored inversion symmetry. Polarization-dependent SHG intensities of the AAA and AAAB stackings are illustrated in Supplementary Figure S12 . We estimated the polarization anisotropy {(I max − I min )/(I max + 2I min )} as the degree of SH polarizability for each sample, where I max and I min represent the maximum and minimum SH intensities for the sample rotation, respectively. For the crystals with non-centrosymmetric space groups, that is, 1L, 2L-AA and 3L-AAA, the polarization anisotropies were estimated as 70%, 80%, and 95%, respectively; this quantity was 10% for the centrosymmetric 2H-AB bilayer. The observed polarization anisotropies of 1L and 2L-AB are consistent with the result of the exfoliated sample (Supplementary Figure S13) . The 10% level of remnant SH-polarization anisotropy in the AB bilayer was assumed to originate from stacking imperfection or substrate-induced imperfection. In contrast, the stronger polarization anisotropies of the AA and AAA crystals are presumably related to physical additions of SHgenerating sources above the monolayers and the increased intensity differences between I max and I min . Figure 4d presents a simultaneous monitoring of FWM and SHG for the different stacking configurations. The double-sided arrow indicates the directions of the two (pump and Stokes) parallel excitedbeam polarizations. We compared the maximum intensity of the SHG for each layer, of which the position was determined by rotating the crystal. An arbitrary region simultaneously containing various thick crystals with multiple orientation configurations was fully traced via SHG imaging with respect to the sample rotation in Supplementary  Figure S14 . The FWM signals increased almost linearly with an increasing layer thickness, as previously reported in the literature, while the correlated SHG signal varied according to the stacking configuration. 6 The 2H-like even-numbered layers with AB(A...)-stacking showed little SHG intensity due to the existence of inversion symmetry and followed the trend indicated by the blue dashed line. The 3R or AA(A...)-type stacked multilayer crystals presented intense SHG intensities and followed the trend of the red dashed line. Multilayer crystals with mixed stacking orders displayed SHG intensities located between the 2H and 3R-phases (black stars) depending on the deviation from the stacking orientations of the red/blue dashed lines. Note that all the image correlations between FWM and SHG and their correspondences to the graphs with different stacking orientations are illustrated in the top panel of Figure 4d , where the AA-type bilayer, in contrast to the Bernal-stacked bilayer (AB-type), demonstrates an SH intensity approximately four times higher than that of 1L. Similarly, the 3L, 4L and 5L AA(A...)-stacked crystals showed drastically enhanced SH intensities similar to the previously reported results from Zhao et al. 44 These authors observed a nearly quadratic dependence of the SH intensity with the layer numbers in a set of exfoliated 3R-like crystals. 44 To understand our intensity variation with varying layer numbers, we postulate a model based on the electric dipole approximation, which depends on the quadratic variation of the layer numbers in the AA(A...)-stacked crystals. The olive color plot in Figure 4d represents the quadratic model, which varies as a function of the layer number. The quadratic model well fits the experimental data and reveals the parallel alignment of the induced dipole in the AA (A...)-stacked crystals contributed strongly to the enhanced SH intensity. A more detailed description of the model is provided in Supplementary Figures S15 and S16 . Additionally, more examples of FWM-correlated SHG images from triangularly shaped crystals with various thicknesses and multiple stacking orders are provided in Figure 5a and Supplementary Figure S17 . In general, few stackingoriented signatures are unequivocally identifiable through Raman or PL spectroscopy, except in rigorous studies with TEM or STEM modalities. Here, we found that either AB-or AA-type additions to the bilayer triangles were clearly viewable in the SHG-based image comparison, yet scarcely distinguishable using the optical-or FWMimaging techniques. For example, the SHG signals from two adjacent bilayer crystals are distinctly shown in Figure 5b , indicating the different natures of the inversion symmetry breakage between two bilayers allegedly having FWM intensities with similar levels.
Additionally, a simultaneous FWM and SHG imaging strategy was applied to investigate the various shapes of the CVD-grown MoS 2 crystals. Figure 5c displays the shape-dependent FWM images in the top panel and the corresponding SHG images in the bottom panel. As the first two columns vividly suggest, the perfect hexagonal-shaped monolayer gave a homogeneous SHG contrast generated by the single crystal, whereas the 'domains' of the imperfect hexagonal or polygonal samples were selectively visualized by SHG. In other words, neither FWM nor optical images (top panel) could discriminate meaningful contrast from either the single or polycrystalline monolayer, while the SHG images successfully resolved the polycrystalline domain within a flake specimen created by the azimuthal-angle dependence of the SHG signal with respect to the incident light polarization. An extended view of the region simultaneously containing poly-and single-crystalline flakes is presented in Supplementary Figure S14 .
Moreover, all the triangles stacked on the 1L-hexagonal crystal showed enhanced SHG irrespective of their stacking orientations, as illustrated in Supplementary Figure S18b . The SHG intensity ratio between the 1L-hexagon and hexagon/triangle bilayer was almost identical to that between the 1L-triangle and triangle/triangle bilayer. It is possible that the stacking orientation between two heterogeneously shaped crystals favors a staggered-lattice structure between the layers. A hexagonal bilayer is formed as a 2H-like phase with an inversion symmetry center, as indicated by the lack of SHG contrast. Interestingly, we can also visualize a star-shaped crystal via not only the thickness using FWM but also the stacking orientation using SHG; this crystal is clearly distinct from previously reported results that mentioned only polycrystalline star-shaped monolayers. 4 Here, a single-crystalline star-shaped crystal with six arms was observable, where added layers were grown in the central region. The region of the black SHG contrast inside the 1L-star-shaped flake was created by the reversely oriented growth of the second layer. The bright central SH emission was allowed by the addition of more layers with stacking orientations identical to that of the first layer, where stacked layers in the star-shaped crystal could also be identified in the optical and FWM images. We believe that our raster-scanning SHG technique is helpful to quickly resolve the polarization-induced phase contrasts of various multilayered 2D-transition-metal dichalcogenide films, thereby providing a new way to design optically triggered CVD-based 2D optoelectronics.
In summary, we developed a method to synthesize multilayer MoS 2 crystals with different stacking orientations by APCVD using NaCl as a growth promoter. NaCl was found to play a vital role in the formation of Mo-containing nucleation sites at a lower temperature, and Na ions helped weaken the interlayer adhesion, contributing to an increase in the growth rate for highly stacked MoS 2 crystals with different orientations. The growth temperature dependence upon the stacking order and shape of multi-stacked crystals was studied. We revealed the stacking-orientation dependence of the crystal symmetry, phase, and associated electron-phonon coupling in the electronic band structure using optical investigations based on Raman spectroscopy, PL spectroscopy and a nonlinear technique of FWM-correlated SHG imaging. The Raman frequencies induced by the AA(A...)-stacking orientation clearly stiffened the E 2g 1 and A 1g phonon vibrations for layer thicknesses greater than 3L as compared to those induced by the AB (A...)-stacking configuration, indicating enhanced interlayer interactions. The stacking dependence of the phonon vibrations can be used as a robust and convenient means of diagnosing interlayer interactions and structural changes. The experimental and theoretical study based on excitonic properties suggests that the stacking orientation is the key to engineering a fundamental band structure and improved PL emission in multilayer crystals with AA(A...) configurations. Moreover, highly spin-polarized states were observed in AA(A...)-stacked crystals of all thicknesses, in contrast to naturally stacked AB(A...) crystals, in which only odd numbers of multilayers exhibited spin polarization. Furthermore, the nonlinear FWM-correlated SHGimage-based study showed that the AA(A...)-stacked-multilayer MoS 2 exhibited stronger SH intensities for crystals of all thicknesses than those of AB(A...)-stacked crystals, thereby confirming that the broken structural symmetry in AA(A...)-stacked-multilayer MoS 2 manifested stronger SOC-induced band splitting, as supported by first-principles calculations. FWM is stacking-orientation independent and exhibited a linear dependence on the layer thickness. We carefully inspected the FWM and SHG intensities and confirmed the structural symmetry by detecting an optically invisible stacking orientation in a multi-stacked CVD crystal with 2H and 3R phases in the Brillouin zone. Our study based on crystals with different shapes and stacking configurations provides a new avenue for developing future optoelectronic devices.
